The porous structures of the polymeric beads obtained by modified suspension and multi-step swelling polymerizations were studied. A porous styrene-divinylbenzene copolymer (ST-DVB) was synthesized in the modified suspension polymerization. In the multi-step polymerization, porous ST-DVB layers of the same chemical composition as obtained in the suspension polymerization were embedded onto polystyrene seed particles obtained in the first step. Three methods were used for investigating the porous structures generated. These were inverse exclusion chromatography, nitrogen adsorption and small X-ray scattering (SAXS). The former was used to characterize the polymer in the swollen state, whereas the latter two were employed with dry polymer samples. The results obtained showed that polystyrene seed particles are porous in the swollen state. However, such pores could not be detected either by nitrogen adsorption or SAXS methods.
INTRODUCTION
The control of both polymer particle size and its uniformity has been a major area of interest both to scientists and producers, since the synthesis of mono-sized polymeric beads would enable the disadvantages connected with their separation to be avoided and generate products which were ready for use (Sherrington and Hodge 1988; Shen et al. 1993) .
Different approaches have been employed to produce beads of uniform size (Tseng et al. 1986; Arshady 1999; Kawaguchi 2001; Benes et al. 2005) . Polymer beads are produced most frequently by heterogeneous polymerization of which there are four main types, i.e. emulsion, suspension, dispersion and precipitation. Of these, only suspension polymerization is commonly applied for the synthesis of porous beads which are typically produced with a broad particle-size distribution. Separated fractions of such porous materials are used as packings in various chromatographic techniques, adsorbents, supports of classical catalysts or enzymes in biosynthesis, and membranes for different purposes. However, the preparation of porous polymeric beads with diameters in the 10-µm range for high-performance liquid chromatography (HPLC) columns is not easy.
In this paper, we propose two methods for the preparation of uniform porous microspheres, viz. the multi-step swelling polymerization method and the modified suspension method (Ellingsen et al. 1990; Matynia and Gawdzik 1998) . The multi-step swelling polymerization method involves at least two steps and requires the use of seed particles. In most cases, the diameter of the seed is ca. 1 µm and the seed polymer fraction occupies only a small volume of the polymerization medium (typically less than 1%). Such seeds act as template shapes. However, the polymerization conditions (i.e. number of seed particles, concentration of initiator and stabilizer) must be precisely defined to avoid the formation of new particles.
The diameter of the enlarged particles obtained after swelling the seed particles can be calculated from the relationship (Hosoya and Frechet 1993): where d p is the diameter of the final particles, d seed is the diameter of the seed particles, V monomers is the volume of the monomers used in the swelling process and V seed is the volume of the seed particles.
In modified suspension polymerization, a high molecular weight anionic surfactant is used instead of a stabilizer. This method gives porous polymeric particles with diameters in the range of 2-50 µm (Gawdzik and Maciejewska 2002). To evaluate the applicability of the polymers obtained as packing materials in HPLC, their internal structures have been studied in detail in the present work.
EXPERIMENTAL

Materials
Styrene (ST), divinylbenzene (DVB) and benzoyl peroxide (BPO) were obtained from Merck (Darmstadt, Germany). Sodium dodecyl sulphate (SDS), bis(2-ethylhexyl)sulphosuccinate sodium salt, polyvinylpyrrolidone K 90 (PVP), α,α′-azoisobisbutyronitrile (AIBN) and 1-hexadecanol (cetyl alcohol) were obtained from Fluka (Buchs, Switzerland). Toluene, dodecane and ethanol (reagent grade) were from POCh (Gliwice, Poland). Tetrahydrofuran was HPLC grade from Merck (Darmstadt, Germany). Alkylphenones and phthalates were of laboratory reagent grade as obtained from a number of sources. Polystyrene standards were from Toyo Soda (Tokyo, Japan) and Merck (Darmstadt, Germany).
Preparation of polystyrene seed particles
Monodisperse polystyrene seed particles were produced by dispersion polymerization in an ethanol medium. Thus, 1.25 g PVP and 0.5 g cetyl alcohol were dissolved in 65 g ethanol in a 250 ml three-necked round-bottomed flask equipped with a mechanical stirrer, a thermometer and a reflux condenser. A solution consisting of 0.25 g AIBN in 25 g styrene was then added with stirring. Polymerization was allowed to proceed for 24 h at 75 o C. After a typical centrifugal purification method, the seed particles were dispersed in the ethanol/water (v/v = 1:1) mixture for further use.
Preparation of beads by the multi-step swelling polymerization method
The multi-step swelling polymerization procedure used involved initially placing 6 ml of an ethanol/water dispersion of the polystyrene seed particles (0.07 g/ml) in a 250 ml flask.
First step -swelling: An emulsion with a droplet size < 1 µm (as verified by microscopy) was prepared by sonication of a mixture of dibutyl phthalate (1.4 ml), BPO (0.24 g), SDS (0.15 g) and deionized water (100 ml). This emulsion was then added to the dispersion of polystyrene seed and swelling allowed to proceed at room temperature for 24 h while stirring at a rate of 125 rpm. Second step -swelling: Dodecane (19.1 ml) and 3.4 ml toluene were added to the above dispersion and the resulting mixture stirred at room temperature for 12 h.
Third step -swelling: ST (6.666 g), DVB (8.334 g) and an aqueous solution of PVP (1.5 g in 35 ml of water) were added to the dispersion. The swelling was continued at room temperature for another 24 h while stirring at 125 rpm.
Fourth step -polymerization: The dispersion was polymerized at 80°C for 20 h with slow stirring. After polymerization, the product was washed with hot water and extracted with acetone, methanol and toluene in the Soxhlet apparatus in order to remove the stabilizer, surfactant and unreacted monomers.
Preparation of beads by the modified suspension polymerization method
Copolymerization of styrene with divinylbenzene was performed in aqueous medium. In a typical experiment, 2.2 g anionic surfactant [bis(2-ethylhexyl)sulphosuccinate sodium salt] was dissolved in 195 ml of distilled water with stirring in a three-necked flask fitted with a thermometer, a water condenser and a mechanical stirrer. A solution containing 6.666 g styrene, 8.334 g divinylbenzene and 0.2 g AIBN in the mixture of diluents (19.1 ml dodecane + 3.4 ml toluene) was then prepared and added with stirring to the aqueous medium. Copolymerization was performed at 80 o C for 24 h. The polymeric beads thus obtained were purified as described previously.
Exclusion chromatography measurements
The copolymers in a swollen state were characterized by inverse exclusion chromatography (EC). The main assumption in this method is that, in a good solvent, macromolecular chains form coils whose diameters correspond to the polymer molecular weights. The diameter of the probe molecules (Φ, Å) was calculated from the equation (Gawdzik and Osypiuk 2001; Nevejans and Verzele 1985) :
where M w is the gram-molecular weight of the probe. The diameter of the probe molecule is associated with a pore diameter (Φ) corresponding to the smallest pore which allows unhindered access for a probe molecule of a given molecular weight. Toluene, alkylphenones, phthalates and polystyrenes were used as pore-size probes in the present studies (Nevejans and Verzele 1987; Gawdzik 1991) .
The cumulative pore-size distribution was determined from the plot of 1 -K o (EC) versus log Φ, where K o (EC) is the distribution constant in exclusion chromatography calculated from the following equation (Nevejans and Verzele 1985) :
where V R is the retention volume of the probe, V o is the interstitial volume equal to the retention volume of a totally excluded molecule, V i is the retention volume of a totally included molecule and V p = V i -V o is the pore volume. As previously, V i is equal to the retention volume of toluene (Gawdzik 1991).
Polymeric Bead Porous Structures via Modified Suspension and Multi-step Swelling Polymerizations
The retention volumes of the toluene, alkylphenones, phthalates and polystyrene standards were determined with a Hewlett-Packard HP-1050 liquid chromatograph equipped with a diode-array UV detector, a Rheodyne 7125 injection valve with 20 µl sample loop and columns (100 mm × 4.1 mm i.d.) packed with the copolymers described above. The sieve fraction of the dried copolymers used for column preparation was 5-15 µm. In the exclusion chromatography measurements, tetrahydrofuran (THF) was used as the mobile phase at a flow rate of 0.5 ml/min. Each substance was injected separately as a 0.1% solution in THF.
The swelling propensities of the copolymers (SP factors) were calculated according to the method of Nevejans and Verzele (1985) :
where p = P/η is the pressure relative to the mobile phase viscosity, η, and P is the column inlet pressure when THF and water were used as the respective mobile phases.
Nitrogen adsorption and SAXS measurements
The copolymers in a dry state were characterized using nitrogen adsorption/desorption measurements and the SAXS method. The former measurements for the polymeric beads at -196 o C were made via an ASAP 2405 adsorption analyzer (Micromeritics Instrument Corp., Norcross, GA, U.S.A.). The specific surface areas were calculated via the BET method, assuming that the area of a single nitrogen molecule is 16.2 Å 2 . SAXS measurements were performed on the slit-collimated Kratky camera using a Cu anode tube as the radiation source. The investigated samples were placed in a closed cuvette (thickness 1 mm) with windows covered with plastic foil. The scattered intensity measurements were carried out several times for each of the samples investigated as well as for the empty cuvette (to obtain the background scattering). The background scattering curve was subtracted each time from the scattering curve for the investigated sample. Subsequently, the SAXS scattering curves were recalculated taking account of the difference in absorption coefficient, thereby allowing a curve of the scattering intensity, I/q, versus the module of the scattering vector, q, to be obtained for each sample. The geometry of the SAXS camera and other conditions of the SAXS experiments allowed the scattering curves obtained to be treated as slit-smeared data for a beam of infinite length. All subsequent calculations were then carried out using the slit-smeared data. This allowed Porod plots [I(q) * q 3 versus q] and the heterogeneity size distributions to be determined (Vonk 1975 (Vonk , 1976 . The modified version of the Vonk program was used for the calculations (Vonk 1976; Pikus 1992 ).
RESULTS AND DISCUSSION
Although porous polymers have some advantages such as their resistance to pH change and unlimited lifetime, they also have some shortcomings. The main drawback of the polystyrene phases is their sensitivity to solvent changes connected with the presence of micropores in their internal structure (Nevejans and Verzele 1987) . Thus, the microporosity of the polystyrene phases is not constant and can change with the nature of the eluent and the sample. The microporosity is
less important for separations using eluents with a high water content because, under these conditions, the microporous structure is closed or inaccessible. In this case only meso-and macropores are open for diffusion by the solute (Gawdzik 1991). Good solvents like THF or ACN interact strongly with the aromatic rings of the polystyrene stationary phase, causing swelling of the column packing. As a consequence, such columns exhibit significantly less permeation. To diminish this phenomenon, porous copolymers with a high degree of crosslinking or beads with porous polymeric layers embedded onto non-porous cores have been produced (Gawdzik and Osypiuk 2001; Cheng et al. 1992) . Three different methods have been used to characterize the porous structures of the copolymers obtained by the modified suspension method and multi-step swelling polymerization. Figures 1-4 depict the results obtained from the SAXS method. Small-angle X-ray scattering occurs when the system under examination contains heterogeneities which differ in electron density from their surroundings. For the type of camera used in the present work, the diameter of the heterogeneity should lie within the range 10-800 Å. As obtained by the SAXS method, the scattering intensity is directly proportional to the square of the difference in electron density between the heterogeneities and the surrounding matter. The electron density difference between a polymer network and air contained in pores is very distinct and much greater than other possible differences leading to density variations in the polymer matrix. The SAXS intensity from many complex, disordered systems can often be described by the power law scattering equation: I(q) = I 0 q -α in which I 0 and α are constants and q = (4π sin θ)/λ, where 2θ is the scattering angle and λ is the X-ray wavelength. This equation allows interesting information to be obtained on the basis of the values of the α-coefficients. These values enable the kind of structure in an examined system (including fractal systems) to be identified (Schmidt 1995; Martin and Hurd 1987; Pikus et al. 2000) . Figure 1 shows the scattering curves for the seed particles (crossed line) and for the final copolymers (open dotted and continuous lines). The SAXS curves obtained for the copolymers demonstrate power law scattering over a wide range of q values, as reflected by the linear plots of log I versus log q with slopes of 2.69 and 2.66 obtained for the copolymers prepared via the modified suspension method and the multi-step swelling polymerization method, respectively. The α-coefficient values employed were reference measurements obtained using a slit-collimated beam -for a point-collimated beam, these values should be increased by a factor of 1 (giving slopes of 3.69 and 3.66, respectively). Thus, these values indicate a surface fractal type of scattering heterogeneities with the fractal dimension D s equal to 2.31 and 2.34, respectively (for 3 < α < 4; D s = 6 -α) (Schmidt 1995; Pikus et al. 2000) . The plot for the seed polystyrene particles shows a feature typical of SAXS scattered particle systems in that it possesses characteristic shoulders, indicating that power law scattering was not fulfilled over the whole range of measured q values. However, in the q range 0.01-0.10 Å, the curve exhibits an almost linear inclination with α = 3.02 (or α = 4.02 for a point-collimated beam), i.e. very close to the classical value arising from the Porod low. Consequently, the volume size distribution function was determined only over this range of q values (see the dashed line in Figure 4) . The scattering intensity for the seed particle was not high (much smaller than for the copolymers -see Figure 1 ) indicating that this material was probably non-porous, since the intense X-ray scattering obtained for the copolymers was caused by their pores.
Polymeric Bead Porous Structures via Modified Suspension and Multi-step Swelling Polymerizations
To study the porous structure of the copolymer obtained by the multi-step swelling polymerization method where the seed particles served as cores in the polymerization process, the porous polymeric beads obtained in the modified suspension polymerization as well as the final product of the multi-step swelling polymerization process were examined. Figure 2 presents the Porod plots for the copolymer obtained via modified suspension polymerization. It will be seen that the curve depicted did not attain a constant value but rather tended to a constant value (albeit with a small upward deviation) above a q value of 0.1. This phenomenon is a reflection of the fact that the polymer obtained via modified suspension polymerization demonstrated surface fractal qualities (α = 3.69). Thus, in order to determine the heterogeneity size distributions for this polymer, modification of the Porod law was necessary -for the slit-collimated camera employed, this law was expressed as I(q) = k 1 /q 3 + k 2 /q. This procedure was employed for all subsequent calculations.
Pore-size distribution functions for the final products of both polymerizations have been determined (Vonk 1976) assuming that the polymeric layer embedded on the seed particles has the same character as the porous polymer obtained in the suspension polymerization. Figure 3 shows the pore-size distribution functions for the copolymer obtained via the modified suspension polymerization, whereas Figure 4 shows the pore-size distribution functions for the seed particles and for the final beads with porous layers. The data depicted clearly show that the pore-size distributions for the two types of product were different. What is important is that the SAXS method suggests that the cores formed from seed particles were not porous because, as shown in Figure 1 , scattering from the seed particles was many times weaker than that from the copolymers. It should be noted that the seed particles were examined by the SAXS method in the dry state when the microporous polystyrene structure is closed. Similar information was obtained from nitrogen adsorption studies which failed to detect any micropores in the porous structures of both copolymers studied (see data in Table 1 and Figure 5 ). It should be noted that, because of their smaller diameters, micropores in a dry copolymer are not accessible to nitrogen molecules (Davankov and Tsyurupa 1990) . The situation changes when the polymer is wetted by a good solvent. Table 2 lists the retention volumes of those compounds used as the pore probes as obtained from inverse exclusion chromatographic measurements. From these data and the weights of copolymer in the chromatographic columns, it was possible to determine the pore volumes and micropore volumes for the copolymers studied (Table 3 ). According to Nevejans and Verzele (1985) , the term microporosity should be restricted to pores with a diameter smaller than 20 Å. In the studies presented here, differences between the retention volumes of toluene having a molecule diameter Φ = 9 Å and that for dinonyl phthalate (Φ = 22 Å) were used to provide a measure of the contribution of micropores to the internal structure of the copolymer (Figure 6 ).
The inverse exclusion chromatography results indicate that the pore volumes of both studied copolymers were significantly greater than those obtained from nitrogen adsorption measurements. Although both polymers contain micropores in their internal structure, the micropore contribution to the structure of the polymer obtained via modified multi-step swelling polymerization was significantly higher than that for the polymer obtained via modified suspension polymerization. At the same time, the swelling propensity for the latter copolymer was smaller. This means that the whole structure of the polymer obtained via multi-step polymerization was porous. Indeed, its polystyrene cores are microporous although such microporosity is only detectable after wetting with a good solvent. In consequence, these materials can have only a limited application as column packings in HPLC. . Cumulative curves for the polymers obtained via the modified suspension polymerization method (᭝) and via the multi-step swelling polymerization method (᭹). The numbering associated with the data points is the same as that listed in Table 2 .
